IntRoductIon
In recent years, bacteria have acquired resistance to several antibiotics and emerged as multi-drug resistant (MDR) organisms. The upsurge of antibiotic resistance is not only limited to medical and veterinary settings, but has also been observed in many aquatic environments [1, 2] . This could be attributed to various contaminants, including effluents from waste water plants and urban run-offs. These contaminants affect the microbiota of the aquatic ecosystem, and may include pathogenic and opportunistic bacteria associated with various water-borne diseases, thereby increasing the risk of such diseases, especially in rural and developing countries. Therefore, water bodies are now regarded as an ideal reservoir and vehicle for the dissemination of antibiotic resistance genes, which may accumulate and persist over time [3] . The association of water-borne disease-causing bacteria with multi-drug resistance traits will pose a major threat to public health as they hamper effective treatment regimes and increase the risk to patients' lives [4] .
Antibiotic resistance genes are generally located on mobile elements such as transposons, conjugative plasmids or integrons. Although integrons are not mobile elements per se, the association of integrons with mobile DNA elements such as transposons or plasmids facilitates their mobility within a genome or other bacterial species [5] . Integrons play an important role in the rapid spread of resistance genes in water-borne pathogens. Integrons contain a site-specific recombination system, enabling them to capture, express and exchange gene cassettes. The three essential elements defining a functional integron include: integrase (a tyrosine recombinase encoded by the intI gene), which recognizes attI (recombination site), and Pc, a constitutive promoter, which is responsible for the efficient transcription and expression of gene cassettes encoded by the integron (Fig. 1) [6] . IntI mediates recombination between the attI and attC (a secondary recombination site also known as 59 base elements or 59-be) sites, which results in the excision or insertion of gene cassette [5] . The attC sites are associated with individual gene cassettes [7] .
Integrons are broadly categorized into two types: mobile integrons (MIs) and chromosomal integrons (CIs). The mobile integrons are not self-transferable, but are found in association with mobile elements such as transposons, insertion sequences or conjugative plasmids. These integrons are commonly reported in important water-borne pathogens such as Salmonella, Shigella, Escherichia coli, Campylobacter and Vibrio species with a few gene cassettes encoding antibiotic resistance [8] . Unlike MIs, CIs are not associated with mobile DNA elements, but are instead chromosomally located [9] . CIs such as VchIntI have been identified on chromosome 2 of Vibrio cholerae. These CIs are characteristic of large cassette arrays (there are up to 217 gene cassette arrays in Vibrio vulnificus) [9] .
The MIs have been classified on the basis of different IntI sequences, with five classes of integrons (classes 1, 2, 3, 4 and 5) being reported in several bacterial species [9] . The class 1 integron is the most ubiquitous class of integron reported among water-borne bacteria such as E. coli, Salmonella, Shigella, Vibrio, Campylobacter and opportunistic pathogens such as Pseudomonas [10] . Class 1 integrons are usually associated with Tn402-like transposons and can recombine with structurally diverse attC sites to acquire diverse and unrelated gene cassettes. Class 2 integrons usually carry a non-functional integrase gene with a stop codon at the 179 position. As a result, this class is usually associated with limited antibiotic resistance gene cassettes, namely, dfrA1-sat1-aadA1 and dfrA1-sat2-aadA1. However, a few functional class 2 integrons have also been reported [11] . Class 3 integrons, although less prevalent, have been identified in E. coli and Aeromonas and Acinetobacter species [12, 13] . These integrons harboured gene cassettes encoding resistance to β-lactams and aminoglycosides. Class 4 and class 5 integrons have only been reported in Vibrio species. Class 4 integrons are embedded in the SXT element of an integrative and conjugative element , whereas class 5 integrons are located on a compound transposon on the pRSV1 plasmid of Vibrio salmonicida [14, 15] . The integrons possess antibiotic resistance traits that are carried by compact DNA elements called gene cassettes. They are embedded within an integron or remain in a free circularized form [9] . Gene cassettes are composed of an open reading frame and a recombination site, attC. IntI catalyzes the recombination between attI and attC sites [16] . Gene cassettes coding for resistance to various antibiotics such as aminoglycosides, trimethoprim and fluoroquinolones have been reported in several water-borne pathogens worldwide [5] . Resistant gene cassettes (especially to third-generation cephalosporins) have also been evidenced in water-borne pathogens such as Aeromonas and Pseudomonas [17] . The exchange of antibiotic resistance integrons within different ecosystems and hosts has further resulted in the generation of novel gene cassette arrays in opportunistic water pathogens. Increasing antibiotic resistance and the role of integrons in the spread of MDR strains of water-borne pathogens are of tremendous concern [18, 19] . Recently, INTEGRALL, a comprehensive database providing up-to-date data for all identified integrons worldwide has been developed. It provides a platform to understand the role of integrons in the adaptive responses and interactions of bacteria [20] .
This review thus focuses on the prevalence and diversity of the integrons associated with water-borne pathogens, and the role genomic islands play in the dissemination of integronmediated antibiotic resistance genes in different species. Worldwide surveillance of these bacteria in our natural water bodies is thus the need of the hour. Therefore the techniques employed for easy and rapid detection of integrons in these pathogens are also described to develop a more thorough and effectual strategy for the containment of such bacteria in aquatic ecosystems.
Integrons in water-borne pathogens
Water-borne diseases contribute to a significant disease burden throughout the world, with water-borne diarrhoeal diseases accounting for a mortality rate of 1.5 million annually [21] . The most common water-borne pathogens include Salmonella, Shigella, Vibrio, E. coli and Campylobacter, while Aeromonas and Pseudomonas species are considered to be opportunistic pathogens. Diarrhoeal diseases such as cholera, typhoid and dysentery are the second leading cause of childhood death. Watery diarrhoea (cholera) is caused by V. cholerae, while Shigella dysenteriae causes bloody diarrhoea (dysentry). Treatment of such diarrhoeal diseases is further hampered by the introduction of multi-drug resistance into their aetiological agents. The antibiotics exert a selective pressure on water-borne pathogens in their natural habitats, which leads to a gradual increase in the prevalence of multidrug resistance [22] . Several reports have shown that the integrons play a crucial role in the acquisition and spread of multi-drug resistance traits in water-borne pathogens [23] . Hence, the association of antibiotic resistance and integrons in some important water-borne pathogens is discussed below.
Cholera is a highly contagious water-borne disease caused by the bacterium V. cholerae. Aquatic environments, including fresh water, marine water and brackish water, act as environmental reservoirs for the cholera pathogen. V. cholerae O1 and O139 are the major cholera-causing serogroups, while non-O1 and non-O139 are diarrhoeagenic and potentially less epidemic [24] . Cholera has spread in the major continents of Asia, America, Europe and Africa, with seven pandemics where serogroup O1 was responsible as a disease-causing agent [25] . However, the last pandemic was caused by the O139 serogroup [26] . Later, O139-related cholera outbreaks were reported from different countries [27] . The year 1979 marked the emergence of MDR V. cholerae [28] . Since then, Vibrio species with resistance to several classes of antibiotics, i.e. tetracycline, aminoglycosides and sulfonamides, have been observed [29] . The resistance to such antibiotics has been related to discrete gene cassettes carried by integrons. In the last two decades, class 1 integrons carrying multiple gene cassettes have been identified in the plasmids as well as chromosomes of V. cholerae [30, 31] . Class 1 integrons carrying antibiotic resistance determinants such as dfr, aadA and bla have been identified in the O1 and O139 serogroups [31, 32] . Several non-O1/non-O139 serogroups have also been shown to carry ARGs such as dfrA5, dfrA12 (trimethoprim resistance), ereA2 (erythromycin resistance), aac(6)-Ib (amikacin and tobramycin resistance), aadA1 and aadA2 (streptomycin/spectinomycin resistance) in class 1 integrons [32] . Class 2 integrons have been identified in Vibrio species globally [33, 34] . However, no class 3 integrons have been reported in any of the Vibrio species. Apart from these resistance integrons, the incidence of SXT has also been linked to various antibiotic resistances. The SXT constin is a conjugative, self-transmissible integrating element conferring resistance to sulfamethoxazole, trimethoprim, streptomycin and chloramphenicol. The SXT element is integrated in 5′ end of the chromosomal gene prfC, which encodes an integrase (named the class 4 integron) [15] . The presence of integron-linked SXT has been reported in various Vibrio species [34] . Another class of integrons, class 5, has also been reported in a Vibrio species, Aliivibrio salmonicida, conferring resistance to trimethoprim [14] . Thus, the water-borne pathogen Vibrio possesses a repertoire of ARGs and diverse integrons, showcasing efficient genetic exchange mechanisms generating a pool of diverse gene cassettes. Horizontal transfer of such ARGs to other bacteria could also lead to the introduction of resistance mechanisms in naïve pathogens.
In addition to resistance integrons, mobile resistance islands or genomic islands (GIs) have been discovered in the Vibrio genome [35] . These GIs can be up to a hundred kilobases in size and are not self-mobilizable, but rather demand conjugative plasmids of incompatibility groups A and C (IncA/C) for mobilization. Lately, MGIVchHai6, a genomic island in the V. cholerae genome, was characterized as carrying the blaP1, dfrA23 and aadA2 genes on the In36A1 integron [36] . An hsd type-I restriction modification system conferring resistance to bacteriophage infections and a mercury resistance transposon, Tn6310, were found on the left and right ends of the complex integron, In36A1. The MGIVchHai6 exhibited relative structural similarities to another complex integron of Salmonella genomic island 1 (SGI1) (Fig. 2) . Such diverse mobile genetic elements (integrons and genomic islands) in the Vibrio pathogen reinforces the fact that these elements act as important vehicles for the transmission of ARGs and contribute to bacterial genome plasticity.
Water-borne outbreaks associated with Campylobactercontaminated drinking water have been common in various developed countries. Campylobacter jejuni is the most important species associated with such infections. Campylobacteriosis is usually treated with fluoroquinolone and macrolide antibiotics, but of late, resistance to these antibiotics has been increasing [37, 38] . ARGs linked to integrons have been detected in Campylobacter species, especially class 1 integrons [39] . MDR Campylobacter species associated with class 1 integrons have been reported to carry different dfrA and aadA variants, either alone or in combination [40] . Recently, the emergence of the erm(B) gene on chromosomal multidrug resistance genomic islands in Campylobacter species exhibiting resistance to fluoroquinolones and tetracyclines has been documented. The MDRGIs harbour the erm(B) gene, along with other antibiotic resistance determinants, thus conferring resistance to multiple classes of antibiotics, including macrolides, aminoglycosides and lincosamides [38] . However, no class 2 or class 3 integrons have been reported in this water-borne pathogen.
Salmonella species are known to be a natural inhabitant of the gastro-intestinal tract of vertebrates; however, their transmission through natural water and drinking water is commonly reported. Some of the major serovars of Salmonella include typhoid fever causing Typhi, Paratyphi, Sendai and non-typhoidal Enteritidis and Typhimurium serovars. River waters are known to be the largest reservoir of viable Salmonella [41] . In recent decades, MDR Salmonella have generated detrimental public health consequences, with increased mortality and morbidity rates [42] . Salmonella species are known to carry multi-drug resistance traits on different classes of integrons, with class 1 integrons being the most common. The class 1 integrons harbour a diverse variety of gene cassettes encoding resistance to aminoglycosides (aadA1, aadA2 and aadA5) and trimethoprim (dfrA1, dfrA7, dfrA12 and dfrA17) [43, 44] . Initially, single-gene cassettes were reported with different Salmonella serovars, but eventually Salmonella was reported to carry multiple gene cassettes, evolving into MDR Salmonella and extremely drug-resistant (XDR) Salmonella [45] . Apart from these typical class 1 The complex integrons carry intI1, an integrase of class 1 integrons, and an associated primary recombination site, attI; tnp, a transposase from IS6100; sul1, conferring resistance to sulfonamides; sul∆1, truncated sul1; qacE∆1, a truncated gene rendering resistance to quaternary ammonium compounds and disinfectants; groEL-intI1, groEL-like/integrase fusion protein; rcr3, a putative transposase; ORFs 1, 5 and 6, open reading frames with unknown functions. The integrons have tetG and tetR, tetracycline resistance genes; floR, a florfenicol resistance gene, blaP1, a β-lactam resistance gene, aadA2, an aminoglycosides resistance gene. The In36A1 carries a trimethoprim resistance gene, dfrA23, and a mercury resistance Tn6310 surrounded by an hsd type-I restriction modification system conferring resistance to bacteriophage infections. In the case of SGI2, floR is replaced by cmlA9, which confers resistance to chloramphenicol, and an additional trimethoprim resistance gene, dfrA1-orfC, is found. These complex integrons carrying resistance gene cassettes are flanked by the conserved segments 5′CS and 3′CS.
integron gene cassettes, certain novel, unusual and atypical class 1 integrons have also been reported [46] . Recently, S. enterica serovar Typhimurium DT104 was associated with a 43 kb Salmonella genomic island (SGI1) that carries multidrug resistance phenotypes on a complex integron (In104) [47] . The In104 integron is located adjacent to the res gene (or S027) in the SGI1 backbone. This chromosomally located complex integron harbours a penta-drug resistance phenotype displaying resistance to streptomycin/spectinomycin (aadA2), chloramphenicol/florfenicol (floR), tetracycline (tetG), sulfonamides (sul1) and ampicillin (pse-1) [47] . SGI1 is an integrative mobilizable element that is mobilized in trans by IncA/C conjugative plasmid. This horizontal transfer of SGI1 has contributed to the spread of antibiotic resistance genes amongst different epidemic Salmonella serovars and to other bacterial pathogens as well [48] . Recently, another genomic island was discovered that resembled SGI1, but its integron was inserted within the S023 reading frame, unlike SGI1. This genomic island was named SGI2 [49] . SGI2 and its variants have been reported in different Salmonella serovars [50] . Unlike class 1 integrons, class 2 integrons, though reported less often, have been identified in Salmonella species with a gene cassette array dfrA1-sat1-aadA1 on both plasmid and chromosome. The chromosomal location of class 2 integrons in Salmonella suggested that these antibiotic resistance genes/integrons may persist even in the absence of antibiotic selection, playing key roles in conferring resistance to antibiotics [51, 52] . To date, no class 3 integrons have been reported in Salmonella.
Shigella species are routinely detected as an important waterborne pathogen causing diarrhoeal diseases. There are four major species, namely S. boydii, S. dysenteriae, S. flexneri and S. sonnei, where S. dysentriae is the aetiological agent of life-threatening bacillary dysentery. Fluoroquinolones were regarded as the first line of antimicrobial agent for effective treatment of Shigella infections. However, an increase in fluoroquinolone-resistant Shigella species has been observed worldwide [53] . Recently, MDR Shigella species have emerged, showing co-resistance to other antibiotics such as macrolides and third-generation cephalosporins, along with fluoroquinolones [54, 55] . Apart from such antibiotics, resistance to azithromycin (a second-line antibiotic) has also been detected in Shigella species, which further acts as an impediment to effective treatment of shigellosis [56] . The association of both class 1 and class 2 integrons with resistance to the antibiotics streptothricin, streptomycin, trimethorpim and ampicillin has been described [57] . Class 2 integrons are more prevalent in Shigella species. Class 1 integrons carrying gene cassettes resistant to the antibiotics aminoglycosides (aadA) and trimethoprim (dfrA) have been reported, with dfrA17-aadA5 being the major contributor to integron dissemination in Shigella species [58] . In addition, the presence of an unusual chromosomal class 1 integron lacking the 3′ CS, referred to as the Shigella atypical class 1 integron (SAI), has been reported. SAIs are found on the Shigella resistance locus pathogenecity island , with the gene cassette array bla OXA-1 -aadA1 causing resistance to ampicillin and spectinomycin/streptomycin [59] . Lately, the frequency of these atypical class 1 integrons in Shigella spp. has increased [57, 60] . Furthermore, class 2 integrons with the typical gene cassettes dfrA1-sat1-aadA1 are also frequently encountered in different Shigella spp. globally [57, 61] . However, they are more commonly detected in Shigella sonnei [62] . Moreover, studies have demonstrated the co-existence of class 1, class 2 and atypical class 1 integrons in Shigella spp. (particularly S. flexneri and S. sonnei), suggesting an increase in genetic affinity between them, influencing their selection due to antibiotic stress [58] .
The emergence of E. coli with multi-drug resistance traits has been well established in the past few decades [63] . Pathogenic E. coli strains such as Shiga toxin-producing E. coli (STEC), especially E. coli O157, have been implicated in various water-borne outbreaks due to contaminated drinking water and irrigation water [64] . E. coli O157 causes diarrhoea with life-threatening complications such as haemolytic uremic syndrome and haemorrhagic colitis [65] . Lately, this serotype has been determined with antibiotic resistance phenotypes in class 1 and class 2 integrons [66, 67] . The genetic determinants carried by O157 E. coli generally confer resistance to the antibiotics trimethoprim (dfrA1) and aminoglycoside (aadA1) [68] . Non-O157 STEC have been characterized for the presence of integrons displaying multi-drug resistance traits with gene cassettes encoding the trimethoprim (dfrA1, dfrA7, dfrA12) and aminoglycoside (aadA1, aadA2, aadA23) resistance determinants [66] . Integron-mediated antibiotic resistance determinants associated with STEC could be disseminated to other E. coli strains that pose a great public threat [69] . Kennedy et al. [70] showed the emergence of non-O157 E. coli with integrons harbouring multi-drug resistance traits, suggesting the acquisition of resistance genes from pathogenic E. coli [70] . The presence of multi-drug resistance and integrons in such pathogenic bacteria could complicate therapeutic trials.
Integrons in other opportunistic water pathogens
Opportunistic pathogens are naturally present in the environment, generally with low pathogenecity, causing diseases in immunocompromised patients. Some of the opportunistic water-borne pathogens are Pseudomonas aeruginosa, Aeromonas and Acinetobacter species. These opportunistic agents have recently been reported to be associated with multi-drug resistance traits with respect to most of the clinically available antibiotics [71, 72] . The integrons found in MDR opportunistic pathogens are mainly class 1 integrons [73, 74] . Class 2 integrons are less prevalent, but they have been reported in various opportunistic bacteria, such as Acinetobacter and Aeromonas [75, 76] . Recently, a class 1 integron carrying an aminoglycoside resistance gene cassette was reported in Aeromonas species isolated from lake waters [77] . The incidences of carbapenem-resistant Pseudomonas aeruginosa (CRPA) with imepenemase (IMP), Verona integron-encoded metallo-β-lactamase (VIM) and New Delhi metallo-β-lactamase (NDM) resistance determinants have increased in the last few years [78] . P. aeruginosa has also been reported to carry genes for the integration, transfer and maintenance of the P. aeruginosa genomic island (PAGI). Although 16 PAGIs have been identified, only a few have been reported to carry class 1 integrons and antibiotic resistance determinants [79] . Class 3 integrons have rarely been found, but in opportunistic bacteria such as Aeromonas and Acinetobacter they have been identified on a mobilizable plasmid carrying the oxacillinase gene [13] . MDR Pseudomonas fulva has been identified with a chromosomal class 3 integron carrying the β-lactam resistance gene, bla IMP-1 [80] . Although it is not water-borne pathogen, the incorporation of β-lactam resistance genes in such bacteria might result in their persistence and spread in other species, contributing to their possible dissemination via horizontal gene transfer to water-borne pathogens. The presence of different classes of integrons in such water-borne pathogens and opportunistic water-borne pathogens implies that aquatic environments could act as a potential reservoir of antibiotic resistance traits (Table 1 ). These ARGs can thus spread via horizontal gene transfer, contributing to bacterial and plasmid genome evolution and increasing the burden of these genes in our natural water bodies. Thus our current emphasis should be on the detection of integrons and their associated ARGs in water-borne pathogens to accurately estimate and reduce the further spread of these bacteria (Fig. 3) .
detection of integrons in water-borne pathogens
Several culture-dependent and molecular methods have been developed for the rapid and accurate detection of integrons in MDR organisms. Conventional culture-based approaches are used for the initial screening of integron-bearing pathogens. This involves phenotypic testing of the isolate for multi-drug resistance traits, i.e. resistance to ≥three classes of antibiotic groups. Such MDR isolates act as presumptive integronpositive strains that could be further screened by molecular approaches.
Several molecular techniques have been developed to detect integrons with high sensitivity, specificity and speed. PCR is one of the most common methods employed in microbiological diagnostic laboratories. Various PCR assays, such as uniplex PCR, multiplex PCR, inverse PCR and real-time PCR, have been developed for the amplification of different classes of integrons [1, 87, 88] . The PCR primers and the conditions employed for the detection of various classes of integrons in water-borne pathogens are summarized in Fig. 1 and Table 2 . Initially, uniplex PCR assays were employed to amplify single targets, i.e. different classes of integrons and their conserved sequences, individually. However, uniplex PCR is too laborious, expensive and time-consuming. Later, multiplex PCR, amplifying more than one gene in a single PCR reaction, was designed to overcome the shortcomings of uniplex PCR, thereby reducing the time and cost of the assay. Various studies have investigated different primer pair sets for the detection of different classes of integrons using multiplex PCR (mPCR). However, Dillon et al. [89] developed the mPCR assay by comparing various primer pairs for screening class 1, 2 and 3 integrons simultaneously in different bacterial strains and showed that mPCR using the primer pair set intI1 [90] , intI2 and intI3 [88] is most reliable for mPCR analysis [89] . This mPCR has been employed in different studies for the rapid detection of integrons in several bacterial species, such as E. coli, Aeromonas and Pseudomonas spp., identifying the class 1 integron as the most predominant class (Table 2) . mPCR is used most extensively; however, self-inhibition among different sets of primers and low amplification efficiency are its major drawbacks. Recently, it has been reported that the gene cassette regions of class 1 integrons with unusual 3′ ends cannot be characterized using primers targeting the 5′ CS and 3′ CS. To overcome such shortcomings, inverse PCR has been developed as a powerful tool, especially for unusual and atypical 3′ ends. Inverse PCR primers targeting the intI1 and sul1 genes, and detecting three types of intI1-positive isolates, namely, a defective class 1 integron, a complex sul1-type integron and a sul3-associated mutational integron, has been developed [91] .
Real-time PCR has also enabled the rapid detection of integrons and has superseded conventional PCR assays due to its ability to perform amplification and fluorescent detection in the same step [107] . Several studies have employed real-time PCR to identify intI genes in E. coli [18, 108] . Skurnik et al. [109] conducted a study focusing on the amplification of integron genes in E. coli using SYBR Green fluorescent stain [109] . Later, TaqMan probe-based multiplex real-time PCR was used for the amplification of three intI genes of class 1, 2 and 3 integrons containing either of the two target genes (intI1/intI2, intI1/intI3 and intI2/intI3) or all three target genes [110] . This method was rapid, specific and highly sensitive for the detection of intI genes in waterborne-pathogens such as E. coli, Salmonella sp. and Shigella sp. [18, 111] . qPCR has been able to identify class 3 integrons in Aeromonas and Acinetobacter species [13] .
Recently, a novel nucleic acid amplification technique, loop-mediated isothermal amplification (LAMP), has also been employed for the detection of integrons. It involves an isothermal cyclic amplification of target DNA in a heating block or water bath without the requirement for any specialized equipment. It is based on the detection of fluorescence with SYBR Green, allowing DNA amplification at a constant and distinct temperature and visualization of the PCR end products by the naked eye. The results can be analysed electrophoretically or by using SYBR Green I dye [112] . LAMP has been developed to identify integron classes (classes 1, 2 and 3) in various pathogens with 100 % sensitivity and specificity [113, 114] .
Recently, the DNA microarray has also been developed as another potential technique for the identification and partial characterization of integrons [115] . It uses integron-specific oligonucleotide probes bound and immobilized on a matrix. The denatured fluorescent dye-labelled test DNA samples hybridize to the array, creating target-probe duplexes, which are then visualized. Efficient detection of integrons by using microarrays has been reported [116, 117] . Glenn et al. [117] performed microarray analysis for Salmonella isolates with integron genes as probes, where 87.9 % (29/33) of the isolates showed positive hybridization results. These results 
*Representative gene cassettes are shown; different gene cassettes occur in several SGI1 and SGI2 variants.
were further analysed by intI1PCR assay and the strains were confirmed to harbour integrons [117] . Microarrays have also been exploited for the detection of integrons in E. coli, but this technique needs to be further modified and employed for integron detection in other water-borne pathogens [118] .
With the introduction of next-generation sequencing (NGS), a rapid increase in the detection and characterization of integrons and their associated ARGs has been observed. Wholegenome sequencing (WGS) delivers genomic information using NGS tools such as Illumina sequencing technology, Ion Torrent technology, Pacific Biosciences technology, HeliScope, Roche 454 and ABI SOLiD sequencing [119, 120] . These techniques are designed to perform chemical reactions and signal detection simultaneously. The presence of ARGs and integrons in an organism can be determined by comparing the sequence data for the whole genome with those for known genes deposited in various offline tools such as SRST2 [121] , ARG-ANNOT [122] and ABRicate (https:// github. com/ tseemann/ abricate). Several online reference gene databases such as the Comprehensive Antibiotic Resistance Database (CARD) and ResFinder for ARGs [123, 124] , Genomic Island Prediction software (GIPSy) for integrons and the newly developed Sequence Search Tool for Antimicrobial Resistance (SSTAR) for the prediction of ARGs, putative new variants and truncated genes, have been developed [125] . In addition to these, many other tools have been described for ARG identification [126] . Studies have used WGS (using these web tools) to predict ARGs and integrons in important water-borne pathogens [127, 128] . However, interruptions in ARGs or incomplete ARGs can lead to inaccuracies in WGS results [129] .
Furthermore, it has been observed that for the detection of integrons, generally the culture-based detection precedes the genotypic characterization of the strains. However, recently, a few researchers have suggested an alternative strategy for the detection of integrons genotypically prior to their phenotypic characterization [130, 131] . In one such study, the incidence of integrons was evaluated, and the IntI1 gene was amplified in 63.5 % of the total isolates. The antibiotic susceptibility of these integron-positive isolates was then determined by microdilution Sensititre plates. All of the isolates showed resistance to more than three antibiotics, particularly, sulphamethoxazole, tetracycline, ampicillin and streptomycin [131] . Using PCR followed by phenotypic detection methods has resulted in high sensitivity and specificity in detecting specific genes for antibiotic resistance within integrons. Thus, in cases where there are large number of samples, a cost-effective and rapid alternative to the conventional method could be employed to use PCR followed by AST for detection of integron-positive isolates [130] .
Although genotypic methods are easy to apply, fast, highly reliable and culture-independent, they cannot fully obviate the use of conventional testing methods, as the need for strain stocks and other phenotypic information cannot be met by molecular techniques. Another drawback to the molecular approach is its inability to detect new and emerging resistances, particularly to last-line antibiotics. Continued Thus, the limitations in both these methods can result in diagnostic errors. It was shown that the integron-bearing strains may not always express the antimicrobial phenotype, while strains that exhibit phenotypic resistance may not always bear integron-based markers [130, 132] . Thus, both the culture-dependent and culture-independent techniques should be employed, but these methods need to be commercialized and automated so as to reduce hands-on time and allow easier operation.
Public health implications
Aquatic environments act as an efficient platform for genetic exchange between different microbes. In natural water bodies, bacteria are exposed to various contaminants, including heavy metals and antibiotics. The presence of antibiotics in environmental water bodies has led to the emergence of antibiotic-resistant bacteria. The association of antibiotic resistance with mobile genetic elements such as integrons has further worsened the situation. The spread of antibiotic resistance genes among microbes has been facilitated by integrons via horizontal gene transfer, which has played an important role in bacterial evolution and adaptation, encompassing novel resistance mechanisms against multiple antibiotic treatment regimes. The integrons are primarily site-specific recombination systems with the ability to excise or integrate discrete cassettes containing antibiotic resistance genes. Currently, an increase in water-borne infections demands rapid and effective detection and treatment, but the association of pathogens with integrons and associated ARGs limits the therapeutic options for disease containment. The situation has worsened with the introduction of MDR opportunistic pathogens (Acinetobacter and Pseudomonas spp.) in the ESCAPE list of pathogens [4] . Hence, the detection and containment of integrons in water-borne pathogens is an important concern in combating illnesses, the failure of which would result in significant morbidity and mortality. The routine detection of integrons in diagnostic laboratories will provide clinicians with a powerful tool to contain and manage MDR strains and their associated illnesses. Further, laws for the protection and conservation of rivers and lakes should be enforced by the government in order to avoid the misuse of natural water bodies. Communities relying on natural water bodies should be provided with alternative water sources. The public health authorities should be equipped to develop better surveillance systems to address the emerging MDR water-borne pathogens worldwide.
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